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X-ray radiation has been extensively used in medical diagnosis
and treatment, security screening, quality control inspection,
scientific instrumentation, etc.'” Overexposure to X-ray radia-
tion cause damage to human cells, which could result in skin
burn, tissue damage, and increased incidence of cancer.*®
Moreover, X-ray dosimetry is required in many industrial fields,
including food irradiation, sterilization, and material modifi-
cation.® Thus, different types of radiation dosimeters, including
ionization chamber, scintillator, semiconductor, thermolumi-
nescence dosimeter, chemical dosimeter, and so on, have been
commercialized to quantify the incident X-ray dose.® The former
three types of dosimeters are more frequently applied to record
the dose-rate of incident radiation.”"® Thermoluminescence
dosimeters and chemical dosimeters are suitable for dosimetry
of accumulated dose, but they suffer from critical drawbacks
such as cumbersome reading processing, instrument-demand,
or cost-ineffectiveness."> Therefore, further development of
new types of X-ray dosimeters remains essential.

Coordination polymers, which are assembled from metal
ions and organic ligands, have been met with great interest in
diverse fields including catalysis, sensing, sorption, separation,
and luminescence.”**® Their tunability in terms of chemical
composition, structure, and more importantly photophysical
property, makes them promising for radiation detection.
Indeed, pioneering works by Allendorf and co-workers have
demonstrated that scintillating metal-organic frameworks
(MOFs) assembled from metal cations and radioluminescent
organic ligands can function as a new type of radiation
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A novel X-ray dosimeter based on a uranium coordination polymer U-Cbdcp was obtained by the judicious
synergy between the luminescent uranyl centres and zwitterionic tritopic ligands. Notably, U-Cbdcp
exhibits luminescence quenching upon increasing X-ray dose, which in combination with its excellent
radiolytic stability, makes it suitable for X-ray dosimetry.

detection materials.”® Furthermore, coordination polymers or
cluster species showing radiochromism, radio-
photoluminescence, fluorochromism, and photoluminescence
quenching upon accumulated doses of ionizing radiation have
been documented, making them as promising candidates of
radiation dosimeters."?® Notably, the abundance of lumines-
cent centers or radio-responsive moieties in some of these
materials renders higher saturation point in response to radi-
ation dose. This attribute allows for wider operation ranges or
higher upper limits of detection compared with those of tradi-
tional metal-ion-doped inorganic dosimeters, e.g. Ag-doped
phosphate glass and Mg>*-doped LiF (LiF:Mg).”’

We have recently undertaken a study focused on developing
actinide-based coordination polymers or cluster materials for
their promising applications in ionizing radiation detec-
tion."?"** The large coordination numbers and diverse coor-
dination geometries of actinide cations engender a myriad of
topologies of these materials.>*' Moreover, the intrinsically
intense green emission from the uranyl cation can be utilized as
a radio-luminescent center.>»*® In addition, the slight radioac-
tivity of >**U (t,, = 4.47 billion years) can be neglected in the
course of high dose radiation detection.**** Herein, a novel
zwitterionic uranium coordination polymer 1is reported,
showing rather unique fluorescence quenching response to X-
ray radiation. This radio-responsive feature, in combination
with its high radiolytic stability, points to the potential imple-
mentation of uranium-bearing materials for radiation
dosimetry.

Solvothermal reaction between UO,(NO;),-6H,0, zwitter-
ionic N-(4-carboxybenzyl)-(3,5-dicarboxyl)pyridinium bromide
(H;CbdcpBr), and CH;COOH in DMF/H,0 mixed solution at
100 °C afforded yellow crystals of UO,(OH)(H,Cbdcp)(HCbdcp)-
4H,0 (U-Cbdcp) with a yield of 63% based on U.

Single crystal X-ray diffraction (SCXRD) analysis revealed
that U-Cbdcp crystalizes in the monoclinic P2,/n space group
(Table S17). The asymmetric unit of U-Cbdep network consists
of one crystallographically independent UO,>" cation, two
Cbdcp ligands, and one hydroxide group (Fig. S171). The coor-
dination geometry of uranyl cation can be best described as
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a typical pentagonal bipyramid, of which four O atoms on the
pentagonal plane are donated from three Cbdcp ligand and the
rest one is from a hydroxide group (Fig. 1a).>**® One of the
organic linkers coordinates with one uranyl cation in a u;-7;
bridging mode, while the other one interconnects with two
uranyl cations in a p,-7;:m, manner (Fig. 1b). Therefore, these
two crystallographically unique ligands can be assigned as H,-
Cbdep~ and HCbdcp®~ with one and two carboxylate group
being deprotonated, respectively. The torsion angles between
the carboxybenzyl and (3,5-dicarboxyl)pyridinium moieties are
measured to be 110.909° and 112.447° for H,Cbdcp™ and
HCbdcp® ™, respectively, as defined by £ N-C-C. The assembly
of uranyl cations, H,Cbdcp~, and HCbdcp®~ ligands results in
the formation of a one-dimensional infinite chain extending
along the c¢ axis (Fig. 1c). The afforded chains are further
extended into a 3D supramolecular network via - interac-
tions and hydrogen bonds between the ligands (Fig. 1d). The
phase purity of bulky U-Cbdcp sample was confirmed by powder
X-ray diffraction (PXRD), showing that the measured pattern
matches well with the simulated one (Fig. S21).

cation. (b) The

(@) The coordination environment of UO,>*
coordination modes of two crystallographically independent ligands.
(c) The 1D chain of U-Cbdcp extending along the c axis. (d) Repre-
sentation showing the network of U-Cbdcp. In figure (a)-(c), U atoms
are in green, O atoms are in red, N atoms are in blue, and C atoms are
in grey.

Fig. 1
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The solid-state luminescence spectrum (lex = 365 nm) was
collected on a tablet of U-Cbdcp, that was fabricated from finely
ground powder. As expected, U-Cbdcp exhibits five character-
istic bands of uranyl cation centring at 488, 508, 531, 556, and
583 nm (Fig. 2a). This intense green emission can be attributed
to the HOMO-LUMO transition occurring in the uranyl bonds
upon UV excitation.*®* Strikingly, the uranyl-based lumines-
cence is strongly quenched after X-ray radiation (4.7 kGy) as
shown by the photographs of U-Cbdcp tablet (Fig. 2a inset).
Concomitantly, the intensities of characteristic UO,** emission
bands, which were measured from the tablet exposed to specific
interval of X-ray dose, gradually diminished upon continuous X-
ray irradiation (Cu-K,, 120 Gy min '). More specifically,
approximately 44% luminescence intensity was retained after
being exposed to 260 Gy X-ray radiation (Fig. 2a). Further
increasing the dose to 4.7 kGy resulted in nearly 90% emission
quenching. Interestingly, Io/I as a function of radiation dose can
be well fitted with a linear correlation with R* of 0.9988, where I,
and I are the luminescence intensities monitored at 508 nm
before and after irradiation, respectively. This excellent linearity
allows for quantifying X-ray dose in a wide dynamic range
spanning from 10 to 4700 Gy via a luminescence “turn-off”
manner. To obtain limit of detection (LOD), the calibration
curve was established by plotting the quenching rate (I, — I)/I,
as a function of dose at the low dose range (0-30 Gy) (Fig. S37).

500 550 600

450

400 650
Wavelength (nm)
b
10
84
R2=0.9988
= 64
4
24
0 T T T T T
0 1000 2000 3000 4000 5000
Dose (Gy)

Fig. 2 (a) X-ray dose-dependent fluorescence spectra and optical
micrographs (inset) of a U-Cbdcp tablet. (b) The plot showing the
linear correlation between /o// and X-ray dose.
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The limit of detection (LOD) is calculated to be 0.093 Gy based
on the method reported by Zang and coworkers.** Markedly,
this LOD is comparable to 0.047 Gy of the most sensitive
photochromic sensor Htpbz@Th-SINAP-2.*

To decipher the quenching mechanism, the structures of U-
Cbdcp before and after X-ray irradiation (5 kGy) were thoroughly
characterized by combined techniques including PXRD and
SCXRD. The PXRD patterns of U-Cbdcp remained approxi-
mately unchanged upon irradiation, ruling out our initial
speculation of radiation induced damage to the bulky sample
(Fig. s4t). This supposition is additionally supported by the
nearly identical FTIR spectrum of irradiated U-Cbdcp with the
nonirradiated one (Fig. S5t). Furthermore, SCXRD analysis
before and after X-ray radiation was conducted on the same
single crystal of U-Cbdcp and revealed that the overall network
derived from these two datasets retain unchanged as well (Table
S17). In detail, the local structure as represented by the bond
length and bond angle of U-Cbdcp changes slightly, which can
be attributed to the standard deviations of these parameters
obtained from SCXRD (Table S2t). This observation further
excludes the quenching mechanism via decomposition of U-
Cbdcp crystal.

There is precedence in literature that the luminescence
quenching can be associated with the generation of radicals via
radio-induced bond break or electron transfer.**?%**> There-
fore, electron paramagnetic resonance (EPR) spectrum of irra-
diated U-Cbdcp was collected and indeed shows an intense EPR
signal with a g-tensor of 2.0197, corresponding to the value (g =
2.0023) of a free electron (Fig. 3).** The freshly synthesized
sample, however, is EPR silent for comparison. To identify the
location of radical species in the coordination polymer, EPR
spectra of H;CbdcpBr ligand before and after irradiation were
recorded as well. As shown in Fig. S6,7 the irradiated Hj3-
CbdcpBr exhibits a relatively weak resonance with a g factor of
2.0198, which is comparable with that of U-Cbdcp. In the light
of aforementioned results, we may conclude that continuous X-
ray radiation generates ligand-based radical species, which
functions as a quencher via a nonradiative energy transfer

44-46

pathway.
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Fig.3 EPR spectra of U-Cbdcp before and after 5 kGy X-ray radiation.
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Encouraged by the structural integrity of U-Cbdcp upon 5
kGy X-ray irradiation, we further investigated its radiolytic
stability by irradiating the sample with high dose B-ray and vy-
ray radiations. The radiations were provided by a custom-built
electron cyclotron (1.2 MeV) and a ®°Co irradiation source
(2.22 x 10" Bq) with dose rates of 150 and 11.8 kGy per h,
respectively. PXRD study indicated that no obvious changes in
long-range order or loss of crystallinity of U-Cbdcp were
observed after radiations, implying excellent radiation resis-
tance of U-Cbdcp (Fig. S77).

In summary, a new 1D uranium coordination polymer built
from uranyl cations and zwitterionic Cbdcp ligands were ob-
tained solvothermally. One of the most intriguing properties of
U-Cbdcp is the occurrence of luminescence quenching upon X-
ray radiation. This unique radio-induced luminometric
response can be utilized as a strategy for X-ray dosimetry.
Notably, the quenching response can be well fitted with a linear
correlation and the detection limit was calculated to be 0.093
Gy. This finding, in conjunction with the excellent radiation
resistance of U-Cbdcp, point to potential applications of
uranium bearing materials for radiation detection.
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